The sequence of the mitochondrial DNA control region was examined in four species of lamprey in the genus Lethenteron. The 3'-half of the control region contains highly variable repeat sequences, showing variation in both copy number and nucleotide sequence, even within local populations. Detailed analyses of the sequences of the repeats allowed us to deduce that slipped-strand mispairing during DNA replication, accompanied by a high rate of substitutions and indels, was primarily responsible for the variation in the repeats. We also found that some cases might be better explained by gene conversion, due to intermolecular recombination. Based on the observed variable nature of the mitochondrial control region, we searched for molecular markers in mitochondrial DNA, because there are few fixed genetic markers for distinguishing between Lethenteron japonicum and L. kessleri. However, we found no reliable markers in the control region. No fixed substitution was observed in intron sequences of the nuclear gene SoxD. Thus, these two species likely diverged quite recently and may possess only a limited number of fixed genetic loci. 
Introduction
Sequence variation in mitochondrial DNA (mtDNA) has been widely used for molecular phylogenetic studies. Within mtDNA, the control region has the highest evolutionary rate, and serves as a molecular marker for examining relatively recent events, such as among populations (e.g. Avise et al., 1987; Avise, 1991) . The control region shows sequence variation in nucleotide substitutions, indels, and the numbers of tandem repeat sequences. Numerous studies have documented copy number variation within populations, and sometimes in single individuals (i.e., heteroplasmy) (Ludwig et al., 2000; Hoarau et al., 2002; Mjelle et al., 2008) .
Most of the copy number variation is thought to arise from slipped-strand mispairing during mtDNA replication (Buroker et al., 1990; Broughton and Dowling, 1994; Mundy and Helbig, 2004) . This strand slippage is facilitated by the secondary structure of the repeat sequence. In addition to slipped-strand mispairing, recombination accounts for some of the sequence variation among repeats (Hoarau et al., 2002; Mjelle et al., 2008) .
Lamprey mtDNA contains two repeat regions within the control regions, NC1
and NC2 (Lee and Kocher, 1995) . Recently, White and Martin (2009) analyzed the copy number variation of the least brook lamprey, Lampetra aepyptera, and reported that the copy number variation in NC1 was due to slipped-strand mispairing.
Besides their phylogenetic position as a basal group of vertebrates, lampreys are an interesting biological group in terms of speciation. All lamprey species breed in fresh water, where they spend several years as suspension or detritus feeders (Hardisty and Potter, 1971) . This stage is known as the ammocoetes larval stage. After metamorphosis, while some species parasitize fish and other animals, other species do not feed after metamorphosis, and breed within several months. These non-parasitic species are believed to have evolved several times from ancestral parasitic species (Zanandrea, 1959; Hardisty and Potter, 1971; Hubbs and Potter, 1971; Vladykov and Kott, 1979; Potter, 1980) . Variation in the lamprey life history may be one of the factors inducing speciation in lampreys.
The present study focused on four Lethenteron species around Japan: Lethenteron japonicum, L. kessleri, and two cryptic species of L. sp. N and L. sp. S Yamazaki et al., 2006) . Of these, L. japonicum is parasitic species, which grow in the sea after metamorphosis, while L. kessleri and the two cryptic species of L. sp. N and L. sp. S have an entirely freshwater life cycle and non-parasitic. Molecular phylogenetic studies indicated that L. sp. S. diverged from the most basal node, and L. sp. N., L. japonicum, and L. kessleri form a monophyletic clade (Yamazaki et al., 2006) . Although several fixed nucleotide polymorphisms in the cytochrome oxidase subunit I gene (COI) have been identified in L. sp N. and L. sp. S., no fixed nucleotide polymorphisms distinguish L. japonicum from L. kessleri (Yamazaki et al., 2006) . To date, only one fixed allele, of malate dehydrogenase 3 (MDH3), has been recognized as a distinct molecular characteristic distinguishing L. japonicum and L. kessleri .
Because L. japonicum is parasitic and L. kessleri is non-parasitic, these two species are readily distinguished as adults. However, the ammocoetes larvae of these species are quite difficult to distinguish, based on morphology. Additionally, some individuals of L. japonicum have been reported to remain in fresh water . Thus, genetic markers that distinguish these species are desirable.
In this study, we characterized the molecular structure of the mitochondrial control regions of the Japanese lamprey species, seeking molecular markers to identify Lethenteron species. We report the highly variable nature of the NC2 repeats (Lee and Kocher, 1995) in Lethenteron. A detailed analysis of the sequence of the repeat arrays allowed us to trace some of the evolutionary history of the generation of variable repeats. However, we could not recover a phylogenetic signal that distinguished L. japonicum and L. kessleri. These two species likely diverged too recently to detect genetic fixed genetic loci in mtDNA.
Materials and Methods
Amplification and sequencing of the mtDNA control region and SoxD intron
The sampling localities and numbers of individuals of four species of Lethenteron examined are summarized in Table 1 . In the present study, we regard L. sp. S., as a species of Lethenteron following our previsous studies, however, as described in Yamazaki et al. (2006) , the classification of the genera Lethenteron and Lampetra should be re-examined in the future studies. DNA was extracted from body tissues using a DNeasy Kit (QIAGEN). The primers used to amplify the NC2 region of mtDNA control region and SoxD are shown in Table 2 . These amplified approximately 700 bp of the mtDNA control region and 400 bp of the SoxD intron. The nucleotide sequences were determined directly from the PCR fragments after treatment with ExoSAP (GE Healthcare) by using ABI PRISM 377 or 310.
Sequencing the complete mtDNA of L. sp. S.
The complete mtDNA of specimen Ss3 was sequenced. First, the mtDNA was amplified in six fragments, using the six primer pairs (Table 2) . Fragments generated were subsequently sequenced by primer-walking.
Results and Discussion

Characterization of the mtDNA control region
To examine the genetic structure of Lethenteron, we analyzed the sequence variation in NC2 between tRNA Glu and cytB (Lee and Kocher, 1995) . In this region, repeat sequences have already been reported for Petromyzon marinus (Lee and Kocher, 1995) and Lampetra fluviatilis (Delarbre et al., 2000) , and we found repeat sequences in the four Japanese species (Fig. 1) . We sequenced the repeat region from 41 specimens of the four species, and found that the repeats were highly variable in terms of both copy number and the nucleotide sequences of the repeat arrays ( Fig. 2A-C) . The copy number and sequences were variable even within local populations, in contrast to a report that the NC1 repeat of Lampetra aepyptera in the Unites States lacked polymorphisms within local populations (White and Martin, 2009 ). We did not detect any heteroplasmy, and PCR amplification always resulted in a single DNA band, which was sequenced directly. Detailed analyses of the repeat sequences reveal highly dynamic evolution of the repeat sequences within populations, as described below.
Repeat dynamics within and among species
Before examining the dynamic nature of the repeats, we classified the repeat sequences based on network analysis of the repeat sequence ( Fig. 2A, B) . Because the network analysis indicate that A3 and B2 form nodes of the network (Fig. 2B) , we classified the repeat sequences into two types based on the 22 nd position of the repeat: T in the A type and C in the B type. A3 and B2 were also observed in L. fluviatilis (Delarbre et al., 2000) and P. marinus (Lee and Kocher, 1995), respectively. The rest of the repeat sequence types were derived via distinct substitutions or indels. All of the repeat sequences possessed multiple T sequences at their 3'-end, and this number was quite variable. We identified the sequences of the repeat arrays in the form type-number of repeats. For example, A3-5 has the A3 type sequence with five Ts at the 3'-end ( Fig. 2A) . The published sequence of P. marinus mtDNA is B2-7, while those of L.
fluviatilis are A4-6 and A3-5, 8, and 7 (Fig. 2C ).
As shown in Figure 2C , the number of repeats is not fixed within species, with six or seven repeats in L. japonicum, three to eight repeats in L. sp. N., and four or five repeats in L. sp. S. Although some individuals within populations possess the same copy number of repeat arrays, the internal architecture of the repeat arrays was quite different. Among the 41 individuals, only two groups shared identical repeat architecture (js5/ji1/ji2 and Nk5/Nk8). Some individuals showed traces of recent events that led to the copy number variation. One example was js4 (L. japonicum from Shiribeshi), in which two arrays of the repeat (B2-6 and A1-5) were duplicated in the third to sixth repeats (Fig. 2C ). This pattern of repeats supports the occurrence of slipped-strand mispairing after the two repeat units unfolded, and subsequently two arrays were inserted in the repeats.
Additionally, nk3 shows evidence of slipped-strand mispairing. It has two arrays of the A9 type sequence at the 3'-end of the repeat. Because A9 required two substitutions from the ancestral A3, these were not likely to have emerged simultaneously in the third and fourth repeats, but more likely arose due to slipped-strand mispairing. Similarly, the two arrays of A5 at the 5' end of Ns2 also likely arose via slipped-strand mispairing.
These two cases indicated that slipped-strand mispairing has inserted either one or two copies of the repeat array. Insertion of a single copy is due to folding of a single array of the repeat, while insertion of two copies is due to the folding of the two arrays. MFOLD analyses of the possible DNA secondary structures (Zuker, 2003) indicated that the repeat sequence folds stably both as a single array and as two arrays (Fig. 3 ).
These observations suggest that the copy number of the repeat is highly variable, and turnover of the repeats is rapid. This, in turn, indicates that the same copy number does not guarantee the same evolutionary history. Thus, we believe that copy number variation is not suitable as a genetic marker in Lethenteron species.
Regarding the high turnover rate, the case of jm2 is also worth noting. The repeat in jm2 has distinct sequences in its second to fourth arrays, which involve insertion of CTTTTT in the repeat (C1 and C2 in Fig. 2D ). The sequence of the third repeat lost 5' nucleotide stretch of AATTGT (C3 in Fig. 2D ). This replacement of the repeat sequence occurred without changing the number of repeats; jm1 retained the typical architecture of the arrays of L. japonicum (four B type arrays and three A type arrays). If slipped-strand mispairing accounts for the replacment of the repeat arrays, it should accompany the increase in copy number. Although we cannot exclude the possibility that the loss of the original B2 type of the repeat arrays occurred after the slippage event, we may need to consider other mechanisms of the gene conversion, such as inter-molecular recombination (Hoarau et al., 2002; Mjelle et al., 2008) . Recent studies documented instances of mtDNA recombination (Hoarau et al., 2002; Mjelle et al., 2008) , and some experimental evidence has been reported in other taxonomic groups (Lunt and Hyman, 1997; Ladoukakis and Zouros, 2001; Rokas et al., 2003) .
In this regard, the case of the Kamo population of L. sp. S. also requires special attention. Two individuals, sk1 and sk2, possessed distinct repeat sequences (Fig. 2E) . The D1 sequence might have emerged via substitution and duplication of the internal sequence (Fig. 2E ) and D3 might have emerged via further insertion and deletion of the sequence (Fig. 2F) . Note that all of the repeat arrays were replaced by the D type, and no A type repeat arrays were left.
Characterization of the novel repeat sequences that emerged from tRNA genes
We found another type of the repeat sequence in some individuals of L. sp. S. from Senju, between tRNA Thr and tRNA Glu (tRNA-Thr/Glu repeat: Fig. 4) . The novel repeat unit: tRNA-Thr/Glu repeat originated at the 3'-end of the tRNA Thr and the complementary sequence of the 3'-end of the tRNA Glu (Fig. 4B) . The unit was repeated up to five times in L. sp. S. This expansion of the repeat is best explained by slipped-strand mispairing, facilitated by the secondary structure of the tRNA stems (Fig. 5) . Additionally, the 3'-abutting sequence of the tRNA Thr anticodon and complementary sequence of tRNA Glu possess 13 bp of identical sequence (double ended arrows in Fig. 4B ), which also facilitates the folding of the replication strand and subsequent slippage. The nucleotide sequence of the 13 bp nucleotide sequence was identical in P. marinus ( Fig. 8 ; Lee and Kocher, 1995) , although the repeat was not detected in the individual for which the full-length mtDNA was analyzed.
Complete nucleotide sequence of the mtDNA of L. sp. S Because the repetitive sequence originated from the 3'-end of tRNA Thr and tRNA Glu , we examined whether these tRNA genes were functional. We examined the entire sequence of mtDNA for L. sp. S (GenBank/EMBL/DDBJ Acc. No. AB565771). The gene arrangement was identical to that in P. marinus and L. fluviatilis (Lee and Kocher, 1995; Delarbre et al., 2000) . There are several nucleotide sequences that need to be translated using tRNA Thr and tRNA Glu , and no additional tRNA genes were found in the mitochondrial genome. Thus, we concluded that the two tRNA genes are likely functional.
Molecular markers for L. japonicum and L. kessleri
We compared the nucleotide sequences in the rest of the control region between L. japonicum and L. kessleri. Although there were some single nucleotide polymorphisms in the sequences, none was fixed in either species (data not shown).
Searching for genetic markers, we also compared the approximately 400-bp sequences of the SoxD intron (Ohtani et al., 2008) . Although there were two deletions, including one from a CA microsatellite, no fixed indel or substitution was observed in either species (Sup. Fig. 1 ).
Our primary motivation for analyzing the control region of the Lethenteron species was to search for molecular markers suitable for species identification.
However, our results suggest that the copy number is too variable for species identification, and we did not find reliable characteristics that distinguished L. japonicum from L. kessleri. found that only the MDH3 locus showed fixed allele differences in L. japonicum and L. kessleri. No allele was fixed in the remaining 26 allozymes tested and the COI sequence did not distinguish the two species (Yamazaki et al. 2006) . No fixed differences were observed in the SoxD intron in the two species. This suggests that these two species diverged quite recently Goto, 1998, Yamazaki et al., 2006) . Adult L. japonicum and L. kessleri are generally easy to distinguish because they differ markedly in size. Although L. japonicum continues to grow in the sea after metamorphosis, and L. kessleri stays in fresh water and does not grow after metamorphosis, reported that some individuals of L. japonicum do stay in fresh water after metamorphosis.
Additionally, it is difficult to distinguish the ammocoetes larvae of these species. Thus, for species identification, we need to find a reliable molecular marker. These two species may show fixed genetic markers in a restricted chromosome region around MDH3 locus .
Conclusions
In the present study, we found quite a dynamic nature of the repeat sequences of the Lethenteron mtDNA control region. Most of the 41 individuals examined show unique architectures of repeat arrays in their mtDNA control region. Our detail analyses of the repeat arrays provided evidences that most of the variations can be due to slipped-strand mispairing. Some cases, such as the repeat arrays found in specimens sk1, sk2 and jm2, might be better explained by gene conversion, due to intermolecular recombination. Although our primary purpose to find the molecular markers to distinguish between L. japonicum and L. kessleri was not achieved, the highly dynamic nature of the repeat sequences in Lethenteron mtDNA control region provided unique system to analyze the details of the molecular evolution of repeat sequences. In addition, the present study further strengthened the idea that these two species diverged quite recently. This rather encouraged us to seek for the evolutionary transition from the parasitic lifestyle of L. japonicus to non-parasitic lifestyle of L.
kessleri. Investigations on the genomic sequences around the MDH3 locus may give us clues to understand the evolutionary transition. marinus, although the repeat sequence was not reported. 
